ABSTRACT: Ruminally protected choline (RPC) was evaluated in two experiments. In Exp. 1, beef steers (n = 160; average initial BW = 350.9 kg) were fed a 90% concentrate diet with either 0, .25, .5, or 1.0% RPC (DM basis) for 112 to 140 d. Feeding .25% RPC increased ADG 11.6% compared with 0% RPC, but responses diminished with increasing RPC level (cubic response, P < .10). Daily DMI was not affected by RPC level, but feed:gain was improved 6.8% with .25% RPC compared with 0% RPC, and responses diminished with increasing RPC level (cubic response, P < .10). Carcass yield grade increased linearly (P < .10) as RPC level increased, but marbling score was lower for all three RPCcontaining diets than for the 0% RPC diet (quadratic response, P < .05). In Exp. 2, 20 Suffolk lambs (initial BW = 29.8 kg) were fed an 80% concentrate diet for 56 d with the same RPC levels as in Exp. 1. Serum triglycerides (TG) and cholesterol (CLSTRL) were measured in weekly blood samples, and intensive blood samples were collected on d 28 and 56 to evaluate serum
Introduction
In experiments with dairy cattle (Erdman and Sharma, 1991; Erdman, 1994) , ruminally protected choline (RPC) has tended to increase total and 3.5% fat-corrected milk yields. Little is known, however, about the effects of RPC on performance and carcass characteristics of beef cattle or sheep. Drouillard et 1 Funding was provided by the West Texas A&M Univ. Environ. Agric. Initiative, Canyon, the New Mexico Agric. Exp. Sta., Las Cruces, and a grant from DuCoa, L. P., Highland, IL.
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Received December 10, 1998 . Accepted May 5, 1999 2893 insulin (INS), GH, and NEFA. For the 56-d feeding period, ADG responded quadratically (P < .10) to RPC level, but DMI and feed:gain were not affected. Serum INS and NEFA concentrations increased linearly (P < .05) and serum GH responded cubically (P < .05) to RPC level on d 28, but no differences were noted on d 56. Serum TG concentrations in weekly samples increased linearly (P < .10) with RPC level, but, averaged over all weeks, serum CLSTRL concentrations did not differ (P > .10) among treatments. Quantities of carcass mesenteric (P < .05) and kidney fat (P < .10) increased linearly, but longissimus muscle and liver fat contents did not differ (P > .10) among RPC levels. Supplementing RPC in high-concentrate diets improved performance, but results were not consistent among RPC levels or between cattle and sheep. Potential effects of RPC might be mediated through alterations in fat metabolism and(or) metabolic hormones related to fat metabolism.
al. (1998) conducted two experiments to evaluate supplemental RPC for finishing beef steers. In one experiment, addition of RPC increased dressing percentage, decreased DMI, increased ADG by 6.5%, and improved feed efficiency by 12%. When fat was added to the diet, however, RPC did not affect dressing percentage or feed efficiency, and daily DMI tended to increase rather than decrease. In a second experiment, each gram of added RPC increased DMI by .15 kg/animal daily and increased ADG by .04 kg/d. Carcass weight was increased 2.18 kg/g of RPC, and fat thickness over the 12th rib was increased .05 cm/g of RPC. Bindel et al. (1998) evaluated the effects of 0, 5, 10, or 15 g of choline from RPC on performance by finishing heifers. Level of RPC had no effect on daily DMI; however, ADG responded quadratically (P < .05), with a 7.3% increase in ADG for the 15 g level, a 14.5% increase for 10 g, and an 8.6% increase for 5 g relative to control.
Similarly, feed efficiency responded quadratically to RPC level, with a 5.3% improvement for 15 g, a 10% improvement for 10 g, and a 6.7% improvement for 5 g compared with control. We conducted one experiment to evaluate the effects of graded levels of RPC on performance and carcass characteristics of finishing beef steers. In a second experiment with lambs, we evaluated the effects of graded levels of RPC on changes in serum hormones and metabolites in addition to performance measurements.
Experimental Procedures
All routine care, treatment, housing, and sampling procedures applied to the steers and lambs used in the present experiment were conducted under protocols approved by the Animal Care and Use Committees of New Mexico State University and West Texas A & M University, respectively. Experiment 1. Medium-to large-framed beef steers (n = 160 British × Continental) were used in the experiment, which was conducted at the New Mexico State University Clayton Livestock Research Center. Steers were adapted to a 90% concentrate diet and had ad libitum access to this diet for approximately 8 d before the experiment began. On November 13, 1995, starting at approximately 0730, all steers were implanted with Synovex S (Fort Dodge Animal Health, Overland Park, KS) and vaccinated with Ultrabac 7 (Pfizer Animal Health, Lee's Summit, MO). The 80 steers of heaviest BW were assigned to the heavy block, and the remaining 80 steers were assigned to the light block. Eight pens each were assigned randomly to the heavy and light blocks, and, within each weight block, steers were assigned randomly to pens. Four dietary treatments were then assigned randomly to pens within weight blocks (two pens of 10 steers each per treatment within each weight block). The next day, beginning at 0730, each steer was weighed and sorted to its assigned pen. The initial BW of each steer was considered to be the average of the BW measurements taken on the two consecutive days. The four dietary treatments consisted of a 90% concentrate diet (Table 1) with four levels (DM basis) of RPC: 1) 0% RPC, 2) .25% RPC, 3) .50% RPC, and 4) 1.0% RPC. Based on DM values determined for feed ingredients during the course of the experiment, the actual level of RPC in the 1.0% RPC diet was .99% of the dietary DM. The RPC source was Cap-Shure choline chloride (Balchem Corp., Slate Hill, NY), with a guaranteed minimum concentration of 25% choline chloride. Percentages of RPC were designed to supply 0, 5, 10, and 20 g of choline per animal daily, assuming an intake of 9.5 kg/d of DM and 21.5% ruminal escape choline in RPC. Feed was offered in quantities sufficient to ensure ad libitum access throughout the experiment. Feed samples were taken weekly and composited by 28-d periods of the experi- ment for analysis of DM, ash, CP, and ADF (AOAC, 1990) .
After 28, 56, and 84 d on feed, steers in all pens were weighed before the morning feeding. Feed bunks were cleaned at each weigh period and the unconsumed feed was weighed. On d 56, at the time of a regularly scheduled BW measurement, each steer was implanted with Revalor S (Hoechst Roussel Vet, Warren, NJ). Heavy-block steers were weighed on d 111 and 112 and shipped to a commercial processing facility to obtain carcass data. Steers in the light block were fed 140 d before shipment to the processing facility. Final BW for each steer was the average of the BW measurements taken on the two consecutive days before shipment. Carcass measurements included hot carcass weight (HCW), dressing percentage (DP), longissimus muscle area (LMA), marbling score, percentage of kidney, pelvic, and heart fat (KPH), fat thickness measured between the 12th and 13th ribs, and liver abscess score.
Data were analyzed as a randomized block design with pen as the experimental unit using the GLM procedure of SAS (1987) . Effects of block, treatment, and block × treatment were considered, with the residual (pen within block × treatment) as the error term for testing treatment effects. Orthogonal contrasts (spacing based on the percentage of RPC in the diet) were used to test linear, quadratic, and cubic effects of RPC level. Lambs were housed in an enclosed barn in individual pens (1.2 × 1.2 m). The barn was equipped with an evaporative cooler and fans that were designed to buffer extremely hot temperatures. Lambs were fed in individual 22.7-L rubber buckets and were provided water in individual 9.5-L galvanized buckets. All lambs had free access to feed and water, and fresh feed, water, and bedding (wood shavings) were provided daily. Lambs were gradually adapted over a 5-wk period to ad libitum consumption of an 80% concentrate diet (0% RPC diet, Table 1 ).
On June 11, 1997, starting at approximately 0730, lambs were weighed (Ohaus Model DS 20L, ASC Scientific, Carlsbad, CA) and then stratified by BW and assigned randomly (five lambs per treatment) to one of four dietary levels of RPC: 0, .25, .50, or 1.0% RPC (DM basis) in the 80% concentrate diet. Diets were mixed at the Clayton Livestock Research Center and then transported to Canyon, TX for feeding, and the RPC source was the same as in Exp. 1. Dietary ingredient composition data (Table 1) were adjusted for the DM content of the feed ingredients at the time of mixing.
The experimental period was 56 d. Fresh feed was offered once daily in amounts designed to allow for up to 100 g of orts daily. Intake by each lamb for the previous 7-d period was used as a guide to determine the quantity of feed to offer each day. Grab samples of feed were taken daily and composited weekly for DM analysis. Weekly samples were then composited for each 28-d period to be used for chemical analyses. After 28 and 56 d on feed, all lambs were weighed before the morning feeding to assess performance during the two 28-d periods and the overall experiment.
Fecal grab samples were taken from each lamb twice daily at approximately 0730 and 1700 on d 40 to 44. These fecal samples were composited by lamb across days and sampling times and stored frozen (−20°C). Corresponding grab samples of the feed also were taken during the fecal sampling period and composited by diet. These diet and fecal samples were subsequently used to determine DM and ether extract digestibility by the lignin-ratio technique.
On d 0, each lamb was bled via jugular venipuncture using an evacuated collection tube and then fed its respective treatment diet. Blood sampling was repeated every 7 d, just before the morning feeding, for the duration of the experiment. These weekly samples were used to determine serum triglyceride (TG) and cholesterol (CLSTRL) concentrations. Blood samples were allowed approximately 30 min to clot and then centrifuged at 1,000 × g for 15 min (Beckman GS-6R Centrifuge, Beckman Instruments, Fullerton, CA). The serum was separated and stored frozen.
On d 27 of the experimental period, indwelling catheters (Abbocath-T, Abbott Laboratories, Abbott Park, IL) were inserted into the jugular vein of each lamb. Each catheter was filled with heparinized saline solution (four units of heparin sodium/mL of .9% [wt/vol] NaCl) to prevent clotting. On d 28, blood samples (approximately 10 mL) were withdrawn (via catheters) from the jugular vein of each lamb at 15 min before feeding, and again at 15, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360 , and 480 min after feeding. The intensive blood sampling procedure was repeated again on d 56 of the experiment; however, on d 56, the catheters were inserted approximately 1 h before sampling rather than the day before sampling. All blood samples were allowed to clot for 30 min at room temperature and then centrifuged (Beckman Model GS-6R Series) at 1,000 × g for 15 min. Serum was separated and stored frozen (−72°C) in a low-temperature freezer cabinet (ScienTemp Ultra-Cold Freezer Cabinet, ScienTemp, Adrian, MI) until assayed.
After d 56, the lambs were maintained on their respective diets until d 61. On d 61, four lambs (one from each treatment) were chosen randomly and weighed. These four animals were transported to the West Texas A&M Meat Laboratory, where they were humanely slaughtered. On d 62, a second group of eight lambs (two selected randomly from each treatment) were weighed and slaughtered. The remaining eight lambs were weighed and slaughtered on d 63. The HCW was obtained, after which mesenteric fat (MF) and kidney fat (KF) were separated and weighed, and a liver slice was removed (approximately 40 to 50 g) to be used for subsequent lipid analysis. The liver slice was vacuum-packaged and stored frozen.
Carcasses were allowed to age 7 d in the cooler. After aging, a chilled carcass weight (CCW) was obtained, and one trained individual assigned yield and quality grades, as well as feathering and flank streaking scores. Carcasses were processed in a method similar to that described by Hankins (1947) . Each carcass was split into halves down the center of the vertebral column from the atlas vertebrae to the caudal vertebrae. Each half was then divided into the shoulder, rib rack, loin, leg, and trim cuts, and the weight of each cut was recorded. Pelvic fat (PF) was removed and weighed. Fat was measured at the 12th rib with a ruler, and the LMA was measured with a grid. The two rib-racks were processed differently. The left rack was cut into seven 2.54-cm-thick chops, and the right rack was left intact. The individual chops were used for chemical determination of lipid content. Both the intact rib rack and the individual chops were wrapped, vacuum-packaged, and stored frozen.
Serum Analyses. Serum concentrations of NEFA in intensive serum samples at sampling times of 15 min before feeding and 30, 60, 120, 240, and 360 min after feeding were analyzed with a commercially available enzymatic, colorimetric procedure (NEFA-C, Wako Chemicals USA, Richmond, VA). Concentrations of TG and CLSTRL in the weekly serum samples were determined using commercially available colorimetric test kits (Sigma Diagnostics, St. Louis, MO).
Serum concentrations of GH in intensive samples at sampling times of 15 min before feeding and 15, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360 , and 480 min after feeding were quantified with a doubleantibody RIA as described by Hoefler and Hallford (1987) . Within-assay and between-assay CV were 10.6 and 2.4%, respectively.
Serum concentrations of insulin (INS) in intensive samples at sampling times of 15 min before feeding and 30, 60, 120, 240, and 360 min after feeding were determined with an antibody-coated tube method supplied in a commercially available kit (Coat-A-Count Insulin, Diagnostic Products Corp., Los Angeles, CA). Within-assay and between-assay CV were 9.8 and 15.0%, respectively.
Feed and Fecal Analyses. All feed samples were ground to pass a 2-mm screen in a Wiley mill before analyses. Composited feed samples taken throughout the experiment were analyzed for DM, ash, Ca, P, CP, and ADF (AOAC, 1990) . Composited feed samples taken during the week of fecal grab sampling were analyzed for DM, ADF, ADL (Goering and Van Soest, 1970) , and ether extract (AOAC, 1990) . Fecal samples were thawed, dried at 55°C in a forced-air oven for 48 h, allowed to air-equilibrate, and ground to pass a 2-mm screen before analyses. Composited fecal samples were analyzed for DM, ADF, ADL, and ether extract.
Liver and Tissue Analyses. Liver samples and one sample from each loin were freeze-dried (Freezone 6 Freeze Dry System, Labconco, Kansas City, MO). Dried samples were homogenized in a blender (Waring, New Hartford, CT), and approximately .50 g from both liver and loin samples was used for extraction of lipids. Each sample was mixed with approximately 11 mL of anhydrous ethyl ether in a sealed tube. The tube was then placed in a wrist-action shaker (Burrell, Pittsburgh, PA) and shaken for 4 h. The residue was then filtered onto filter paper, dried, weighed, and the percentage of ether extract was calculated as the loss in weight of the original dry sample.
Statistical Analyses. Although the experiment was designed to use wether lambs, it was discovered after initiation of the experiment that 1 of the 20 lambs was a ewe. Data for this ewe lamb were examined at the conclusion of the experiment to determine whether its responses were different from those of the 19 wether lambs. The evaluation revealed that responses for this ewe lamb were well within the ranges observed for wether lambs on the same treatment (.25% RPC).
Hence, the data for this ewe lamb were retained in the statistical analyses.
Dry matter intake, ADG, and feed:gain data were analyzed as a completely random design using initial BW as a covariate. Fecal ether extract, ADF, ADL, and DM and lipid digestibility data also were analyzed with a completely random model. Linear, quadratic, and cubic effects of RPC level were evaluated with orthogonal contrasts using the GLM procedures of SAS (1987) .
Serum NEFA, GH, and INS concentrations were analyzed as a split-split plot design. Effects of RPC level and lamb within RPC level were included in the mainplot. Sampling day, day × RPC level, and lamb within day × RPC level were included in the subplot, and sampling time, time × RPC level, time × day, and time × day × RPC level were included in the sub-subplot. Lamb within RPC level was specified as the error term for testing treatment effects. Effects of RPC level were evaluated with linear, quadratic, and cubic orthogonal contrasts (SAS, 1987) . Serum NEFA, GH, and INS data also were quantified by calculation of areas under the response curves (AUC) using an algebraic approach to sum trapezoids within each sampling-time interval (Galyean, 1993) . The AUC data were analyzed as a completely random design, with linear, quadratic, and cubic effects of RPC level evaluated by orthogonal contrasts.
Serum CLSTRL and TG concentrations for each week of the experiment (wk 1 through 8) were initially analyzed with wk-0 concentrations as a covariate. However, wk-0 values were not a significant covariate (P > .05) for any of the sampling weeks; hence, data were analyzed without wk 0 as a covariate. Overall CLSTRL and TG data were analyzed in a split-plot design with RPC level and lamb within RPC level (main-plot error) in the main plot and sampling week and sampling week × RPC level in the subplot. To evaluate RPC level responses within each week of the experiment, data also were analyzed on a weekly basis as a completely random design (SAS, 1987) .
Carcass measurements (CCW, MF, KF, PF, and LMA) were analyzed with a completely random model using HCW as a covariate. In addition, MF, KF, and PF also were calculated as a percentage of CCW, and these calculated measurements were analyzed with a completely random model without the covariate. Carcass grades, feathering, and flank streaking were not analyzed statistically because most healthy lambs grade Choice. A completely random model also was used for analysis of liver and tissue lipid concentrations. Initial analyses indicated that HCW was not a significant covariate (P > .05) for either liver or tissue lipid concentrations.
Results and Discussion
Experiment 1. Chemical composition of the experimental diets (data not shown) was determined for feed Orthogonal contrasts: L = linear; Q = quadratic; C = cubic; † P < .10; *P < .05; NS = P > .10.
d LMA = longissimus muscle area; KPH = kindey, pelvic, and heart fat. bunk samples taken throughout the experiment. Percentages (DM basis) of ash (5.58, 5.96, 5.65, and 5.86%), CP (13.54, 13.43, 13.18, and 13.79%), and ADF (7.51, 7.97, 7.89, and 7.92%), for the 0, .25, .50, and 1.0% RPC diets, respectively, were within ranges expected from formulation. Performance and carcass data for the overall experiment are shown in Table 2 . Final BW responded cubically (P < .10) to RPC level, with the greatest BW for cattle fed the .25% RPC diet, followed by .50% RPC. Final BW was similar for the 0 and 1.0% RPC diets. Daily gain followed the same trend as final BW, responding cubically (P < .10) to RPC level, with an 11.6% increase in daily gain for the .25% RPC diet and a 4.3% increase for the .50% RPC diet relative to 0% RPC. Daily gain was virtually the same for the 0 and 1.0% RPC diets. Daily DMI was not affected (P > .10) by RPC level. Nonetheless, DMI for all RPC-containing diets was numerically greater than the 0% RPC diet throughout the experiment. Feed:gain was least for the .25% RPC diet (overall improvement of 6.8% relative to 0% RPC), superior for the .50% RPC vs 0% RPC diet, and essentially equal for the 0 and 1.0% RPC diets (cubic response, P < .10).
Carcass measurements (Table 2) were not greatly affected by RPC level. Dressing percentage responded cubically to RPC level (P < .10), but the differences among treatments were small and of questionable biological significance. Marbling score responded quadratically (P < .05) to RPC level, being less for RPCcontaining diets than for the 0% RPC diet, but increasing somewhat as RPC level increased from .25 to 1.0%. Yield grade responded linearly (P < .10) to RPC level, indicating fatter carcasses as RPC level increased in the diets. Although not significant (P > .10), fat thickness measured between the 12th and 13th ribs also tended to increase with increasing RPC level. Other carcass measurements were not affected (P > .10) by RPC level. Numbers of abscessed livers (data not shown) were low in all treatments (average = 11.3% abscessed livers across all liver scores); consequently, no statistical tests were performed on liver abscess data.
The results of this experiment are interpreted to suggest that diets containing RPC increased ADG and improved feed efficiency by finishing beef steers fed a high-concentrate diet, but responses depended on RPC level. The optimum response to RPC was noted with a diet that contained .25% (DM basis) RPC. Effects of RPC on carcass characteristics were generally limited, but increased carcass fatness was noted (linear increase in yield grade with increasing RPC level). In support of our findings, Bindel et al. (1998) reported that ADG, DMI, and feed efficiency were improved in finishing heifers supplemented with 5 to 15 g of encapsulated choline/d vs a control diet. In addition, Drouillard et al. (1998) noted improved feed efficiency by RPC-supplemented steers.
Experiment 2. Chemical composition of the diets during the experiment was within the range of values expected from formulation. As a percentage of DM, chemically determined values for ash, Ca, P, CP, and ADF, respectively, averaged 7.0, 6.8, 6.6, and 6.6%; .68, .63, .63, and .68%; .39, .35, .34, and .36%; 14.0, 13.8, 14.0, and 14.2%; and 13.4, 14.6, 13.9, and 14.5% for the 0, .25, .5, and 1.0% RPC diets, respectively.
Performance data are shown in Table 3 . Initial, d-28, and final BW were not affected (P > .60) by RPC level. Daily gain during the first 28-d period increased linearly (P < .10) with increasing RPC level. Daily gain responded quadratically to RPC level during d 29 to 56 (P < .05) and for the overall experiment (P < .10). Daily gain was greatest for the 0 and 1.0% RPC diets and was virtually equal for the .25 and .50% RPC diets during d 29 to 56 and for the overall experiment.
The only significant response in daily DMI (Table  3 ) occurred during d 29 to 56, at which time DMI responded quadratically (P < .10) to RPC level. This quadratic response for daily DMI could explain the similar response that was observed for ADG. Feed:gain was not affected (P > .30) by RPC level. Taken collectively, these data would not suggest substantial performance benefits from RPC for lambs fed a high-concentrate diet.
Daily choline intakes (Table 3) were calculated based on the average DMI for the experiment and on the assumption that the RPC contained 25% choline chloride (Balchem Corp.) of which 74.6% was choline (Emmert et al., 1996) . No other experiments have been conducted with finishing lambs fed RPC; however, beef cattle data (Exp. 1 and Bindel et al., 1998) can be used to compare estimated choline intakes with those of lambs in Exp. 2. In Exp. 1, supplementing 4.0 g of choline/d (9.2 mg of choline/kg of BW) yielded the maximum daily gain, DMI, and feed efficiency compared with 17.9 and 35.8 mg of choline/kg of BW. With finishing heifers, Bindel et al. (1998) reported that ADG, DMI, and feed efficiency were greatest for heifers supplemented with 10 g of encapsulated choline chloride daily (7.5 g of choline/d based on the previous Orthogonal contrasts: L = linear; Q = quadratic; C = cubic; †P < .10; *P < .05; NS = P > .10.
c Based on average DMI and on the assumption that RPC contained 25% choline chloride and that choline chloride contained 74.6% of choline. assumptions) or 18.0 mg of choline/kg of BW. Sheep synthesize significant amounts of choline in the extrahepatic tissues and extensively recirculate bile choline between the intestine and the liver (Robinson et al., 1984 (Robinson et al., , 1987 . Consequently, sheep have a large endogenous pool of choline with a slow turnover rate (Dawson et al., 1981) and a minimal need for exogenous choline (Dawson et al., 1981) . Whether cattle have the same ability as sheep to extensively synthesize and recirculate choline is not known. That performance responses were noted during the first half of the experiment and not in the latter half would suggest that younger lambs may not yet have the ability to synthesize and recirculate choline sufficiently to maintain their endogenous choline pool. During the latter half of the experiment, the lambs might have reached a physiological age at which extensive synthesis and recycling of choline occurred, thereby negating a need for supplemental choline. Alternatively, a greater pool of methyl donors (e.g., methionine) might have been available to the lambs during the latter half of the experiment, thereby minimizing potential effects of supplemental choline.
Fecal ether extract increased linearly (P < .01) in response to RPC level, with the 1.0% RPC diet having 70% more fecal ether extract than the 0% RPC diet (Table 4) . During the period of fecal grab sampling, the .50% RPC diet had unusually low ADL content Orthogonal contrasts: L = linear; Q = quadratic; C = cubic; *P < .05; **P < .01; NS = P > .10.
relative to the other diets, presumably because of sampling errors. Consequently, DM digestibility calculated by lignin ratio responded cubically (P < .05) to RPC level, with the .50% RPC diet having the greatest DM digestibility and the other diets being essentially equal in DM digestibility. Ether extract digestibility decreased linearly (P < .01) in response to RPC level, with the 1.0% RPC diet having a 14% lower lipid digestibility than the 0% RPC diet. Despite having a lower ADL content, the .50% RPC diet still had a lower ether extract digestibility than the 0% RPC diet. If the .50% RPC diet had an ADL content equal to the aver- The sampling day × treatment interaction was significant (P < .05) for INS and GH but not significant (P > .05) for NEFA. Mean of samples taken at −15, 30, 60, 120, 240, and 360 min after feeding for 15, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360 , and 480 min after feeding for GH. Orthogonal contrasts: L = linear; Q = quadratic; C = cubic; *P < .05; NS = P > .05. age of the other three diets, the DM digestibility of the .50% RPC diet would have been virtually equivalent to the other treatments, and the response in ether extract digestibility to RPC level would have been more linear. Consequently, the linear decrease in ether extract digestibility in response to increasing RPC level was a function of the linear increase in ether extract content of the fecal samples in response to RPC level. The decreasing ether extract digestibility with supplemental RPC is likely a reflection of the fact that the carrier for the RPC contains approximately 50% lipid, which presumably is of low digestibility.
Statistical analysis of serum INS data (Table 5) revealed a treatment × sampling day interaction (P < .05). Within sampling days, no treatment × sampling time interaction was evident (P > .05); therefore, means for serum INS and AUC of INS across sampling times on d 28 and 56 are presented. Serum INS and AUC of INS increased linearly (P < .05) in response to RPC level on d 28; however, no response was detected (P > .05) on d 56.
Statistical evaluation of serum NEFA data revealed no treatment × day interaction (P > .05) or treatment × sampling time interactions (P > .05); however, for consistency of presentation with serum INS and GH data, means for NEFA and AUC of NEFA across sampling times on d 28 and 56 are presented in Table 5 . Serum NEFA and AUC of NEFA increased linearly (P < .05) in response to RPC level on d 28, with the 1.0% RPC diet having the greatest values. Orthogonal contrasts were not significant (P > .05) for the overall main-effect means or for the d-56 means for serum NEFA and AUC of NEFA. The increased serum NEFA Orthogonal contrasts: L = linear; Q = quadratic; C = cubic; P < .10; *P < .05; NS = P > .10.
c
The sampling week × treatment interaction was not significant (P > .05).
concentrations associated with RPC supplementation agree with data from other researchers (Sharma and Erdman, 1989; Puchala et al., 1997) . In dairy cows, Sharma and Erdman (1989) reported that serum NEFA concentrations, although statistically not different (P > .05), tended to increase with increasing levels of abomasally infused choline (0, 30, 60, or 90 g/d) . In contrast, Erdman and Sharma (1991) noted that RPC supplementation in dairy cows had no effect (P > .05) on serum NEFA concentrations. However, based on our previous assumptions that 100% of the choline chloride in the RPC reached the small intestine and that choline chloride contains 74.6% choline (Emmert et al., 1996) , only 38 g of choline/d could have reached the small intestine of the dairy cows that received the highest level of supplemental RPC in the experiment of Erdman and Sharma (1991) . In cows that were abomasally infused with 90 g of choline/d (Sharma and Erdman, 1989) , potentially all the choline could have reached the small intestine. Therefore, relative differences in quantities of choline supplied to the small intestine of dairy cows could affect the response in NEFA concentrations to choline supplementation. Statistical analysis of serum GH data revealed a treatment × sampling day interaction (P < .05). Within sampling days, the treatment × sampling time interaction was not significant (P > .05). Serum GH and AUC of GH responded cubically (P < .05) to RPC level on d 28, being greatest for the .25 and 1.0% RPC diet and least for the 0 and .50% RPC diets (Table 5) . No significant (P > .05) responses were detected on d 56. Previous data could not be found relating effects of choline supplementation to serum GH concentrations.
As supplemental RPC increased, serum TG (Table 6 ) increased linearly (P < .10) for the overall 56-d feeding period. Data also were examined by week of the experiment (Table 6 ). No differences (P > .10) were noted for wk 0 (before treatments were applied). A linear response (P < .05) was evident for wk 1, but no differences (P > .10) were detected for wk 2, 3, or 4. For wk 5 or 6, however, quadratic and linear responses, respectively (P < .05), to increasing RPC level were evident. For wk 7 and 8, no differences (P > .10) were detected among treatments. These findings agree with previous studies that have shown that as choline supplementation increased, circulating levels of triglycerides also increased (Lombardi et al., 1968; Kuksis and Mookerjea, 1978; Zeisel, 1981; Sugiyama et al., 1987; Zeisel et al., 1991) .
In contrast to effects on TG concentrations, RPC seemed to decrease serum CLSTRL concentrations, and the results became more apparent during the latter part of the experiment (Table 6 ). For the overall 56-d period, serum CLSTRL showed nonsignificant differences (P > .10). A cubic response (P < .05) was noted Contrasts; L = linear, Q = quadratic, C = cubic; † P < .10; *P < .05; NS = P > .10. at wk 0, with the lowest CLSTRL associated with .25 % RPC and the highest with .50% RPC. As noted previously, however, these initial differences did not seem to be related to subsequent treatment effects because wk-0 values were not a significant covariate for subsequent weeks. At wk 1, CLSTRL increased linearly (P < .10) with increasing RPC level. No differences were noted among treatments for CLSTRL concentrations for wk 2 through 5; however, CLSTRL concentrations during wk 6, 7, and 8 showed quadratic responses (P < .10) to RPC level, with the highest CLSTRL concentration noted with 0% RPC and lower concentrations for the .25, .50, and 1.0% RPC diets. These findings contrast with those of previous studies with nonruminants in which increased plasma CLSTRL was reported in response to choline supplementation (Best and Ridout, 1933; Kuksis and Mookerjea, 1978; Zeisel, 1981; Sugiyama et al., 1987; Zeisel et al., 1991) . It is possible that effects of supplemental RPC on INS, NEFA, GH, TG, and CLSTRL might be partially attributed to absorbed fat supplied by RPC. As noted previously, RPC is approximately 50% lipid; however, based on the decreases in ether extract digestibility ( Table 4 ) that we observed with the 1.0% level of RPC, the impact of absorbed fat from the RPC source on these hormones and metabolites would likely be very small.
Carcass data for Exp. 2 are presented in Table 7 . No differences were detected among treatments for HCW, which agrees with the results of Exp. 1 and the beef cattle experiments of Drouillard et al. (1998) and Bindel et al. (1998) . In the present study, a quadratic effect (P < .10) of RPC was detected for DP, and the highest DP was associated with the 0% RPC diet. In contrast, Drouillard et al. (1998) detected an increase in DP when beef cattle were supplemented with RPC; however, Bindel et al. (1998) and the results of Exp. 1 indicated no major effect of RPC on DP in beef cattle. Shrink and CCW were not affected by RPC treatment. In addition, no effect of RPC on LMA was detected (P > .10), which agrees with the results of Exp. 1 with beef cattle.
A linear increase (P < .05) in the quantity of MF in the carcass was noted in response to RPC level, with the greatest MF for the 1.0% RPC diet (Table 7) . Although no previous studies have included data on MF for comparison, this change in MF might result from an effect of RPC on fat deposition. Furthermore, KF increased linearly (P < .10) with increasing RPC level. Similar to MF, the greatest quantity of KF was noted with the 1.0% RPC diet and the least with .25% RPC. In Exp. 1, and in the experiments of Drouillard et al. (1998) and Bindel et al. (1998) , no differences in KPH were noted in response to RPC supplementation in beef cattle. However, in these beef cattle experiments, KPH was estimated subjectively as a percentage of the carcass (Taylor, 1995) , which would tend to be less accurate than when the KF is removed and weighed, as in the present study. Quantity of PF was not affected (P > .10) by RPC level; however, our data for PF may not be as accurate as for MF and KF because the PF was removed at the time of processing, 7 d after KF and MF were removed and weighed. A quadratic response (P < .05) to RPC level was noted when MF and PF were expressed as a percentage of CCW, whereas the response to RPC level was linear (P < .10) when KF was expressed as a percentage of CCW. The increases in internal fat deposition that we noted with supplemental RPC might be related to the increased serum INS concentrations for RPC-supplemented lambs that we observed on d 28 (Table 5) .
Tissue lipid content was not affected by RPC level (P < .10; Table 7 ). In Exp. 1, and in the beef cattle experiments reported by Drouillard et al. (1998) and Bindel et al. (1998) , RPC had little effect on marbling score (visual estimation based on USDA standards). Fat thickness also was not affected by RPC treatment in the current experiment. In contrast, results of Exp. 1 and those of Drouillard et al. (1998) suggested a positive relationship between fat thickness and RPC supplementation.
As fatty acids are mobilized from the liver, circulating TG and CLSTRL typically increase. Liver lipids typically decrease because they are moved into the blood from the liver (Best and Ridout, 1933; Best et al. 1934; Iwamoto et al., 1963; Lombardi et al., 1968; Kuksis and Mookerjea, 1978; Sugiyama et al., 1987) . Previous reports also have shown that with an increase in choline, an increase in fatty acid mobilization takes place, and a lowering of liver lipids typically occurs. In contrast, the findings of the present study indicated that liver lipid, expressed as a percentage of tissue DM, responded linearly (P < .05) to RPC level, with the greatest percentage of lipid noted for the .5% RPC diet (Table 7) . Mechanisms for this increase in liver lipid content are not readily evident; however, this increase followed the same pattern we observed for internal fat depots and might be related to increased serum INS concentrations with RPC supplementation.
Implications
Ruminally protected choline supplementation may alter performance by growing and finishing ruminants fed high-concentrate diets. However, the response is not consistent among levels of ruminally protected choline or between cattle and sheep. The mode of action of ruminally protected choline seems most likely associated with changes in fat metabolism and(or) metabolic hormones related to fat metabolism.
